Myotonic dystrophy type 2 (DM2) is caused by a CCTG expansion mutation in intron 1 of the zinc finger protein 9 (ZNF9) gene. The mean expansion size in patients is larger than for DM1 or any previously reported disorder (mean 5 5000 CCTGs; range 5 75 -11 000), and similar to DM1, repeats containing ribonuclear inclusions accumulate in affected DM2 tissue. Although an RNA gain-of-function mechanism involving DM1 CUG or DM2 CCUG expansion transcripts is now well established, still debated are the potential role that flanking sequences within the DMPK 3 0 -UTR may have on disease pathogenesis and whether or not decreased expression of DMPK, ZNF9 or neighboring genes at these loci contribute to disease. To address these questions in DM2, we have examined the nucleic acid content of the ribonuclear inclusions and the effects of these large expansions on ZNF9 expression. Using cell lines either haploid or homozygous for the expansion, as well as skeletal muscle biopsy tissue, we demonstrate that pre-mRNAs containing large CCUG expansions are normally spliced and exported from the nucleus, that the expansions do not decrease ZNF9 expression at the mRNA or protein level, and that the ribonuclear inclusions are enriched for the CCUG expansion, but not intronic flanking sequences. These data suggest that the downstream molecular effects of the DM2 mutation are triggered by the accumulation of CCUG repeat tract alone.
INTRODUCTION
Myotonic dystrophy (DM), the most common form of muscular dystrophy in adults, affects 1 in 8000 individuals (1, 2) . DM is an autosomal dominant disorder characterized by a variety of multisystemic features including myotonia (inability of muscle to relax), muscular dystrophy, cardiac conduction defects, posterior iridescent cataracts, frontal balding, insulin resistance and disease-specific serological abnormalities such as hyperglycemia, hypotestosteronism, and reduced IgG and IgM levels (2) (3) (4) (5) (6) (7) (8) . In 1992, the mutation for DM type 1 (DM1) was reported to be a CTG trinucleotide repeat expansion in the 3 0 untranslated region of the dystrophia myotonica-protein kinase (DMPK) gene (9) (10) (11) (12) (13) and the promoter region of the adjacent homeodomain gene SIX5 (14) on chromosome 19 . In 2001, we identified the mutation responsible for DM type 2 (DM2) on chromosome 3 as a tetranucleotide CCTG expansion in the first intron of the zinc finger protein 9 (ZNF9) gene (15) .
Although DM2 often has a milder disease course than DM1, the mean DM2 repeat expansion size (5000 CCTGs or 20 kb) is significantly longer than the largest expansions that have been reported for DM1 (4000 CTGs or 12 kb) (9, 15) . Although DM2 patients have a broad range of repeat sizes, 75 to .11 000 CCTGs, marked somatic instability of the expansion has made it difficult to define the pathogenic threshold (2, 15) . Although genetic and functional studies now make it clear that RNA gain-of-function effects of the CUG and CCUG transcripts play a major role in the disease, still debated is whether or not additional portions of the DM1 3 0 -UTR (16, 17) or changes in expression of DMPK, ZNF9 or other genes at
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*To whom corresponding author should be addressed. Tel: þ1 6126240901; Fax: þ1 6126258488; Email: ranum001@umn.edu Human Molecular Genetics, 2006, Vol. 15, No. 11 1808-1815 doi:10.1093/hmg/ddl103 Advanced Access published on April 19, 2006 these loci might play a role in the clinical differences between these disorders (18) . ZNF9, a nucleic acid binding protein highly expressed in skeletal muscle, has been suggested to modulate the activity of the beta-myosin heavy chain making it tempting to speculate that dysregulation of ZNF9 might be involved in some aspect of the disease process (19) . To unambiguously address whether or not the DM2 expansion alters ZNF9 expression in tissue known to be affected by the disease, and to define the portion of the ZNF9 pre-mRNA contained in the ribonuclear inclusions, we have performed a series of fluorescent in situ hybridization (FISH) and expression studies using myoblasts homozygous for the expansion, haploid hybrid cell lines and skeletal muscle biopsy tissue.
RESULTS
Large DM2 expansions do not prevent splicing of intron 1 DM2 CCTG repeat expansions are larger than DM1 CTG repeat tracts and dramatically larger than any reported polyglutamine expansion disorder (Fig. 1A) . To determine if large DM2 CCTG expansions affect allele-specific splicing of ZNF9, we examined monoallelic mouse-human hybrid cell lines (20) containing either a normal or an expanded repeat tract. Haploid cell lines were identified by genotyping chromosome 3 specific markers, and Southern analysis showed an expansion of 1000 CCTGs (data not shown). RT-PCR between exons 1 and 2 demonstrates that a DM2 expansion of 1000 repeats does not prevent splicing of intron 1 containing the expansion (Fig. 1B) . PCR products were sequenced to confirm that they were derived from spliced human-specific ZNF9 transcripts, and not from mouse (data not shown).
To further examine the effects of the CCTG expansion on ZNF9 expression, heterozygous and homozygous human myoblast cell lines established from a previously reported DM2 pedigree were used (Fig. 1C) (21) . The heterozygous myoblast cell line contains a normal DM2 allele and an expansion of 4700 CCTGs. Consistent with previous reports showing that DM2 expansions are often difficult to detect by Southern analysis because of marked somatic heterogeneity (2), the homozygous myoblast cell line has a mixture of repeat sizes with faintly visible bands of approximately equal intensity at 375, 2400, 4400 and 4600 CCTG repeats (Fig. 1D) . Similar to the haploid mouse -human hybrid cell lines, RT-PCR shows that the large intronic DM2 expansions do not prevent splicing between exons 1 and 2 in either the heterozygous or homozygous DM2 myotubes (Fig. 1E ).
Alternative splicing of ZNF9 transcripts is not affected in DM2 skeletal muscle biopsies Normally, the ZNF9 gene expresses two alternatively spliced mRNA isoforms (a and b) with the longer transcript containing an additional 21 nucleotides at the 3 0 end of exon 2. To determine if the DM2 expansion alters the normally equal ratios of these alternatively spliced transcripts, RT-PCR between exons 2 and 3 was performed on RNA from skeletal muscle biopsies of five heterozygous DM2 patients with CCTG expansions of: (a) 2000 and 6000; (b) 5600; (c) 10 900; (d) 11 000 and (e) 11 000 repeats and three controls. RT-PCR shows that the DM2 expansions do not affect the ratio of alternatively spliced ZNF9 transcripts with alternative splice forms of ZNF9 expressed at approximately equal levels in both control and affected tissue (P-value ¼ 0.63) (Fig. 1F) , with a representative example of the data shown in Figure 1G .
DM2 expansions do not prevent ZNF9 mRNA export into the cytoplasm To determine if large expansions affect the export of ZNF9 mRNA from the nucleus to the cytoplasm, RNA FISH was performed using a cy3-labeled (CAGG) 10 oligonucleotide probe to the CCUG repeat ( Fig. 2A) and fluorescently labeled FITC probes to both exon 1 and 5 of the ZNF9 transcript ( Fig. 2B and C) . As with other DM1 and DM2 cell lines, many intense repeat containing foci were observed in both the heterozygous and homozygous DM2 myoblasts, but not in control cells ( Fig. 2A) . Transcripts containing exon 1 and 5 are primarily localized to the cytoplasm, with a distribution that is comparable to control myoblasts (Fig. 2C ). Neither the exon 1 nor exon 5 sequences co-localize with the ribonuclear inclusions indicating that the inclusions contain the CCUG repeat tract, but not the exonic portions of the ZNF9 pre-mRNA, and that both DM2 expansion and control transcripts are spliced and exported to the cytoplasm.
CCUG ribonuclear inclusions do not contain other portions of intron 1
To determine if the ribonuclear inclusions contain other portions of intron 1, a cocktail of 15 fluorescently labeled oligonucleotide probes designed to recognize unique sequences in intron 1 were hybridized to muscle biopsies from a heterozygous DM2 patient (.11 000 CCTGs) and a control (Fig. 3A) . In DM2 and control biopsies, the intronic probes primarily labeled two focal spots within the nucleus (Fig. 3B) , consistent with relatively high levels of intron containing transcripts expected at the sites of transcription, but not the FITClabeled CCUG ribonuclear inclusions (22) .
As a control, FISH analysis using the same set of intron probes on haploid hybrid DM2 expansion containing cell lines showed a single spot consistent with the expected single site of transcription (Fig. 3C ). In addition, when the cells were treated with DNase after fixation, the FISH signal remained, whereas treatment with RNase prevented hybridization. These data indicate that the FISH signal generated from the intron probes results from the relatively high focal expression of RNA transcripts and not DNA. BLAST analysis of each individual intron probe indicated that each of these oligonucleotides should be specific to intron 1 of ZNF9. To experimentally control for the possibility that one of these probes unexpectedly recognizes a repetitive sequence in the genome and non-specific hybridization of one of these probes is primarily responsible for the signal, haploid cells were labeled with three different overlapping subsets of the intron probes, each containing 10 of the 15 oligonucleotides. In each of these control experiments, a single focal hybridization signal was detected indicating that this cocktail of probes is specific for transcripts containing intron 1 of ZNF9.
Although the expression of intron containing ZNF9 pre-mRNA transcripts are easily detected at two focal spots within diploid skeletal muscle nuclei, CCUG transcripts were only detected by the FITC-CAGG probe in the ribonuclear inclusions, but not as expected, at the additional site of transcription corresponding to the expanded allele (Fig. 3B ). An additional double labeling experiment using cy3-CAGG and FITC-CAGG probes shows that the FITC-CAGG probe is not as sensitive as the cy3-CAGG probe and that this lack of sensitivity is likely to explain why the FITC-CAGG probe labels only the larger inclusion, but does not co-localize to the signal from the intron probes transcribed from the expanded allele (Fig. 3D ). In contrast, the more sensitive cy3-CAGG probes co-localize with both the large FITC labeled inclusion and another smaller spot within the skeletal muscle nuclei (Fig. 3D) .
In summary, the detection of ZNF9 intron transcripts at the sites of transcription, but not within the inclusions strongly suggests that the ribonuclear inclusions, which are highly enriched for the CCUG repeat sequence, contain little or no flanking intron RNA.
Expression of ZNF9 is not affected by the presence of large expansions
Homozygous myoblast cell lines allowed us to assess the effects of the expansion on ZNF9 expression without the expression, or possible compensatory up-regulation of the normal allele. Northern analysis showed that myoblasts heterozygous or homozygous for the DM2 expansion have steady-state mRNA levels that are comparable with controls ( Fig. 4A and B) ; these experiments were performed in quadruplicate with no significant differences between the three cell lines (P-value ¼ 0.32). Similarly, western analysis, performed in quadruplicate, showed no differences in ZNF9 protein between heterozygous and homozygous myoblasts compared with controls (P-value ¼ 0.61) (Fig. 4C and D) .
To determine if ZNF9 expression is affected in a clinically relevant patient tissue, western analysis was performed using skeletal muscle biopsy tissue from four heterozygous DM2 patients (pt1: 2000 and 6000; pt2: 2875; pt3: 5625; and pt4: .11 000 CCTG repeats) and four controls with no differences found (P-value ¼ 0.65, experiments were performed in triplicate) (Fig. 4E) , a representative blot is shown in Figure 4F .
DISCUSSION
How the DM1 CTG expansion mutation in the 3 0 -UTR of DMPK could cause the multisystemic features of DM without changing the sequence of a protein was the subject of debate for nearly a decade. Models proposed included haploinsufficiency of DMPK, haploinsufficiency of neighboring genes including SIX5 and DMWD, and pathogenic effects of the RNAs containing the CUG expansion. The identification of the DM2 mutation suggested a simpler, and now largely accepted model of DM pathogenesis in which the clinical features common to both diseases are caused by the pathogenic effects of RNA containing the CUG and CCUG expansions (23, 24) .
Although the DM1 and DM2 phenotypes are strikingly similar, they are not identical. DM2 does not show a congenital form of the disease or the severe central nervous system involvement seen in some DM1 patients (2) . In addition, DM2 is characterized by more clinically significant proximal weakness (2, 25) , and the prominent type 1 fiber atrophy seen in DM1 is not seen in DM2 (26) . These clinical distinctions could be caused by differences in the temporal or spatial levels of transcripts containing the expanded repeats or downstream differences in CUG and CCUG RNA-binding proteins. Alternatively, differences between DM2 and DM1 could reflect changes in ZNF9, DMPK, or other locus-specific genes such as KIAA1160, glycoprotein IX, SIX5 or DMWD.
As various hypotheses for the downstream molecular pathogenesis of these differences are tested, comparisons in the pathology, the context of the mutations and the downstream molecular changes found in DM1 and DM2 will be critically important for evaluating the validity of these models and to prioritize efforts to focus on the most likely mechanisms.
Although such hypothesis are often tested in cell culture or model systems, caution should be used in interpreting whether or not changes seen are consistent with what is found the human disease.
The normal function of ZNF9 as a nucleic acid binding protein, whose alternatively spliced isoforms have been suggested to modulate the expression of the beta-myosin heavy chain gene (19) , make it tempting to speculate that dysregulation of ZNF9 could be involved in some aspect of DM2. However, for this to be a viable hypothesis, the DM2 CCTG expansion would be expected to affect ZNF9 expression.
Although a single study reported no effect of the DM2 expansion on ZNF9 in transformed LCLs, there is no known pathological involvement of blood in DM (27) . To examine this question in more detail, we used a variety of approaches to determine if the large intronic DM2 expansions affect ZNF9 expression, including the use of homozygous myoblast and haploid cell lines to ensure that we could clearly assess the allele-specific effects of the CCTG expansion without the interference or possible up-regulation of the other gene. These data show that large DM2 expansions do not prevent allele-specific pre-mRNA splicing, nuclear export or were hybridized with digoxigenin-labeled RNA probes specific to either exon 1 or 5 and detected with anti-digoxigenin antibody labeled with FITC (green). The cells were co-labeled with a cy3-CAGG probe to detect nuclear foci and DAPI to show the nucleus. Sense probes to either exon 1 or exon 5 were used as controls. The scale bar is 5 mM. The nuclear signal found in the control, heterozygous and homozygous cells probed with exon 1 is most likely caused by non-specific cross hybridization of the probe to rRNA within the nucleolus. steady-state mRNA or protein levels. These trends were validated by western analysis of skeletal muscle biopsy tissue, which showed nearly identical levels of ZNF9 protein in patient and control groups. These data indicate that large DM2 expansions do not alter ZNF9 expression, making any role for ZNF9 protein in the pathogenesis of DM2 or phenotypic differences between DM1 and DM2 unlikely.
Several DM1 studies (16, 17, 28) suggest that sequences flanking the CTG expansion increase the pathogenicity of the expansion. Whereas in DM1, the CUG expansion is expressed as part of the mature DMPK mRNA, and flanking sequences have been shown to co-localize to the inclusions (29) , the intronic location of the DM2 expansion raises the question of what portion of the ZNF9 pre-mRNA, if any, accumulates along with the CCUG sequences in the ribonuclear inclusions. We examined this question by performing a series of FISH experiments. Consistent with the expression studies, exon sequences were shown to be primarily localized to the cytoplasm. In addition, FISH analysis using a panel of intron probes and a CAGG probe to detect the expansion, show that the ribonuclear inclusions are enriched for the CCUG expansion, but not the flanking intronic sequences. These data suggest that the downstream molecular effects of the DM2 mutation may be triggered by the accumulation of CCUG repeat tract alone.
In summary, using patient-derived myoblast cell lines and DM2 skeletal muscle biopsy tissue we show that even very large DM2 CCTG expansions (up to 11 000 CCTGs): (1) do not prevent allele-specific ZNF9 pre-mRNA splicing; (2) do not affect the expression ratios of alternatively spliced transcripts; (3) do not alter steady-state levels of transcripts or protein; (4) result in accumulation of CCUG ribonuclear inclusions with no detectable portions of intronic flanking sequence. These data support a gain-of-function RNA model in which CCUG expansion themselves are sufficient to cause the multisystemic features of DM2.
MATERIALS AND METHODS

Haploid, myoblast cell lines and muscle biopsy tissue
Haploid cell lines were established by GMP Genetics (Waltham, MA, USA) (20) from patient fibroblasts with a DM2 expansion of 1000 CCTG repeats. Haploid cells were maintained at 378C with 10% CO 2 in DMEM (Invitrogen, Carlsbad, CA, USA), 10% fetal calf serum, 0.5 mg/ml Geneticin, 1X HAT supplement (Invitrogen) and penicillinstreptomycin. Myoblast cell lines were established from muscle biopsies of patients from a large previously described pedigree (21) . Myoblast cells were maintained at 378C with 10% CO 2 in skeletal muscle cell basal media with supplements (PromoCell, Heidelberg, Germany) and 10% fetal calf serum. For myoblast differentiation, cells were maintained in DMEM with 2% fetal calf serum. Muscle biopsies, taken from the vastus lateralis, were obtained from patients heterozygous for the DM2 expansion as well as from control individuals.
All studies were done with the approval of the Institutional Review Board at the University of Minnesota and the Ethics Committee at the Ludwig-Maximilians University in Munich, Germany.
Southern analysis
Southern analyses were performed as previously described (2,15), using high concentrate (50 U/ml) EcoRI (Invitrogen).
RT-PCR
Total RNA was isolated from haploid cell lines, human myoblast cell lines and muscle tissue using an RNeasy mini kit (Qiagen, Valencia, CA, USA). Reverse transcription of RNA was done using the SuperScript 
RNA fluorescent in situ hybridization
Human myoblasts were grown overnight on coverslips coated with poly-L-lysine (Sigma Diagnostics, St Louis, MO, USA) and RNA FISH was performed as described (15) . For the exon in situ hybridization studies, PCR products specific to either exon 1 or exon 5 were generated using the following primers:
In vitro transcription and digoxigenin labeling of the PCR products was carried out with a DIG RNA Labeling Kit (Roche, Indianapolis, IN, USA). The resulting RNA probes were purified using a C hromaspin-100 TM column (Clontech, Palo Alto, CA, USA) and used to probe myoblasts plated on poly-L-lysine cover slips. A FITC-labeled anti-digoxigenin antibody was used to localize transcripts in the myoblasts. The slides were co-labeled with a cy3 (CAGG) 10 probe and DAPI.
For the intron localization studies, either 10 mM frozen muscle biopsy sections or haploid cells grown overnight on coverslips, were fixed with 3% paraformaldehyde in PBS for 1 h. RNA FISH was performed as above using a FITC-labeled (CAGG) 10 to detect the repeat and a cocktail of the following cy3-labeled oligonucleotide probes to different portions of
. Double-labeling to test the sensitivity of the CAGG probes was done by simultaneously probing a 10 mM DM2 muscle biopsy with both a FITC-CAGG and cy3-CAGG probe.
For the control studies on the DM2 haploid cells, three sets of 10 different oligonucleotides (A -J; A -E; K -O; F -O) were used to determine intron localization. For the DNase and RNase controls, the haploid cells were treated with either 10 U/ml DNase for 2.5 min or 0.5 mg/ml RNase for 30 min at room temperature after fixation. After treatment, the protocol continued as above with the full intron probe set (A -O). All RNA FISH images were captured on a Zeiss Atto Arc HBO 110W upright microscope.
Northern analysis
For northern analysis, 5 mg of total RNA isolated from control, heterozygous and homozygous myoblasts was separated on a NorthernMax-Gly TM glyoxal gel (Ambion, Austin, TX, USA), transferred to a nitrocellulose membrane, crosslinked by UV radiation and hybridized at 608C in UltraHyb buffer (Ambion) using a 401 bp 32 P-UTP labeled riboprobe generated by in vitro transcription of an exon 5 PCR product generated using primers 5F and 5R (described earlier). A commercially available riboprobe (Ambion, cat#7430) of 387 nucleotides was used to determine GAPDH mRNA levels as a loading control.
Western analysis
An affinity purified rabbit polyclonal antibody was generated by New England Peptide (Gardner, MA, USA) to the middle portion of the ZNF9 protein (N-FTSDRGFQFVSSSLPD IC-C). Myoblast cells and patient muscle biopsy tissues were lysed in radioimmunoprecipitation (RIPA) buffer containing protease inhibitors. After collection of the supernatants, the protein concentration was determined with a Bio-Rad protein assay. Protein of 10 -20 mg were separated by electrophoresis on NuPAGE 4 -12% Bis -Tris gels (Invitrogen) and transferred to nitrocellulose (Schleicher and Schuell, Keene, NH, USA). Non-specific binding was blocked with 5% non-fat milk in PBS-T (PBS with 0.1% Triton X-100) for 2 h at room temperature and incubated with ZNF9 antibody (1:1000) in 5% non-fat milk in PBS-T overnight at 48C. After three washes in PBS-T, the membrane was incubated for 1 h at room temperature with 1:2000 anti-rabbit-HSP in 5% non-fat milk in PBS-T and visualized with ECL western blotting detection reagents (Amersham Biosciences). To assess the specificity of the polyclonal peptide antibody used in the protein quantification experiments, peptide competition assays were performed. In addition, two additional polyclonal peptide antibodies generated to the N-and C-terminal portions of ZNF9 gave similar results by Western, detecting a band of the predicted size (19 kDa).
